Introduction
Antimicrobial resistance is a serious global threat to public health. Increasing human antimicrobial consumption is widely considered highly influential, with agricultural use, environmental pollution, clonal and horizontal spread and long-term persistence also contributory. 1, 2 Recent evidence comes from meta-analyses that report positive associations between antimicrobial consumption and the development of resistance at both population and individual levels. 3, 4 Across Europe, there is wide variation at national level in both antimicrobial resistance and consumption. In general, lower rates of antimicrobial resistance are found in northern European countries and higher rates of resistance found in southern European countries. 5 Previous studies have found strong correlations between specific antimicrobial consumption and resistances but have only studied a limited number of resistant strains of bacteria, mainly Streptococcus, Staphylococcus and Escherichia coli. [4] [5] [6] A systematic review and meta-analysis of 243 studies examined both population-and individual-level data, mainly in Europe. 4 It confirmed a positive relationship between antimicrobial consumption and resistance [pooled effect size (OR) of 2.3 (95% CI 2.2-2.5)], although this was only observed for enteric bacteria and Streptococcus. The authors were not able to identify factors consistently predictive of this relationship. 4 The aim of this study was to evaluate the relationship between antimicrobial consumption and resistance across Europe, with focus on a wide range of resistant bacteria.
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Methods

Ethical approval
Ethics approval was not required as the data used in this study are in the public domain.
Study design
This was a cross-sectional study of routinely collected data comparing national community-level antimicrobial consumption rates and national hospital antimicrobial resistance rates across 29 countries in the European Economic Area (EEA).
Data sources, measures and procedures
We compared antimicrobial consumption rates in 2013 with antimicrobial resistance rates in 2014 to reflect a 1 year time lag between antimicrobial use and the subsequent development of resistance, in accordance with previous studies. 5, 7 We used national data for antimicrobial consumption from the European Surveillance of Antimicrobial Consumption Network (ESACNet), an interactive online database that provides European reference data on antimicrobial consumption from hospital and community settings. 8 The reports from the database are published by the European Surveillance System (TESSy). 9 In 2013, antimicrobial consumption data were available for 30 European countries in the EEA. Most countries based their antimicrobial consumption data on community or primary care data (i.e. outside of hospital). Cyprus, Iceland and Romania provided combined community and hospital antimicrobial consumption data only. Approximately 90% of national antimicrobial consumption is based in the community so the figures provided for these three countries may overestimate community consumption. 10 Data were obtained for the years 2009-13 to allow annual fluctuations in antimicrobial consumption to be observed. Data were provided in the form of DDD per 1000 inhabitants per day. DDD, as defined by the WHO, is the assumed average treatment dose per day for a drug prescribed for its main indication in adults. 11 Drugs that have been assigned a code in the Anatomical Therapeutic Chemical (ATC) classification system were assigned a DDD. The national antimicrobial consumption figures refer to the ATC group J01 (antibacterials for systemic use). Data sources included either sales or reimbursement figures or both and varied by country. Sales data include sales of antimicrobials obtained without a prescription. Full details of data sources can be found on the ECDC web site. 8 The main outcome measures were antimicrobial resistance levels in 2014. We obtained these data from the European Antimicrobial Resistance Surveillance Network (EARS-Net) interactive database, also provided through TESSy. 12 Antimicrobial resistance data in the EARS-Net database were exclusively based on invasive isolates from blood or CSF and were collected through a voluntary network of national surveillance systems in each participating country from 900 laboratories serving 1400 hospitals. National data were uploaded directly by the national data manager to TESSy on a yearly basis. 13 Isolates have been reported consistently to EARSNet by most countries since 2003. Specific resistance levels were only reported if at least 10 isolates per country for the bacterial species in question were tested. We looked at data on all antimicrobial-resistant strains that were collected by TESSy (26 strains in total: see Table 1 ), including resistant strains of Enterococcus faecalis, Enterococcus faecium, E. coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, Staphylococcus aureus and Streptococcus pneumoniae.
We developed a value for resistance and consumption for each country. The resistance 'value' was the mean rate of hospital antimicrobial resistance per country for 2014. This value included the 15 resistant strains of bacteria that showed a positive correlation (r . 0.3) with overall antimicrobial consumption that were available for every country (Table 1: included strains in bold). The consumption 'value' was the overall national consumption rate (ATC J01 group) reported by the ECDC for 2013 (DDD per 1000 inhabitants per day) (Table S1 , available as Supplementary data at JAC Online). We then developed a ratio of mean antimicrobial resistance to overall antimicrobial consumption per country to describe the pattern of the association between high antimicrobial consumption and high resistance, and to identify outliers in this association.
Statistical methods
We assessed the correlation (Pearson's r) between overall antimicrobial consumption and antimicrobial resistance for 29 European countries. First, we assessed correlation between overall antimicrobial consumption and resistance rates for each organism (n " 26). We then assessed correlation between antimicrobial consumption values for the antibiotic class specific to the resistant strain and the rates of resistance in that strain. Finally, we compared the national mean resistance rates to overall antimicrobial consumption as described above.
Results
Antimicrobial consumption data were available for 30 countries for 2013. The Netherlands, Estonia and Sweden had the lowest rates of overall antimicrobial consumption in 2013 (13 DDD per 1000 inhabitants per day). France, Romania and Greece had the highest (30 DDD per 1000 inhabitants per day). The ranges of consumption rates were wide. Year to year variation was small except for Romania between 2009 and 2011. The overall national consumption of antimicrobials between 2009 and 2013 is shown in Table S1 . The types of antimicrobials used and their rates of use in each EEA country in 2013 are shown in Figure S1 .
Resistance data were available for 29 EEA countries for 2014. Data were not available for Poland. Resistance rates were based on 196480 invasive isolates in 2014, a mean of 6549 isolates per country (Table 2) . Seven countries reported ,1000 isolates: Bulgaria (847), Cyprus (540), Estonia (967), Iceland (299), Latvia (670), Luxembourg (716) and Malta (550). Swedish data for E. coli resistant to aminopenicillins were missing in 2014 (2013 data were used in their place) and Greek data for S. pneumoniae resistant to macrolides were missing for 2013 and 2014. Figure 1 shows the relationship across 29 countries between overall antimicrobial consumption for 2013 and resistance rates for 2014 in three common pathogenic strains of bacteria: E. coli resistant to aminopenicillins; MRSA; and S. pneumoniae resistant to macrolides. This figure demonstrates the overall trend of lower antimicrobial resistance associated with lower antimicrobial consumption. Of the three strains, E. coli resistant to aminopenicillins represented the highest rate of antimicrobial resistance across all countries.
The correlation scores between overall and specific antimicrobial consumption and resistance rates of each of the 26 resistant strains of bacteria for all countries studied are shown in Table 1 . Strong or moderate correlations were observed between 19 of the resistant strains and overall antimicrobial consumption. Strong or moderate correlations were observed between 12 resistant strains and specific antimicrobial consumption including the three pathogenic strains in Figure 1 . Of note is the strong correlation between the consumption of fluoroquinolones and rates of resistance of E. coli to fluoroquinolones (r " 0.84, P , 0.001). Table 2 shows the ratios of mean national antimicrobial resistance to overall national antimicrobial consumption. Mean national antimicrobial resistance rates were highest in Romania (45.9%) McDonnell et al.
followed by Slovakia (40.3%) and Greece (37.8%). Iceland, Finland and Sweden had the lowest mean antimicrobial resistance rates (5.3%, 5.9% and 6.1%, respectively). France, Belgium and Luxembourg, each with high rates of consumption, had low rates of mean antimicrobial resistance. Latvia, Bulgaria and Hungary, each with low rates of consumption had high rates of antimicrobial resistance. Total antimicrobial consumption (all countries) was moderately correlated with mean resistance (all countries) (r " 0.54, P " 0.003) (see Figure 2) . The inclusion of all resistant strains available for each country in the analysis, regardless of whether there was a positive correlation with overall consumption, did not alter the results.
Discussion
We found moderate to strong correlations between rates of overall community antimicrobial consumption and hospital antimicrobial resistance rates across 29 European countries, with respect to 19 strains of resistant bacteria; significant correlation was not found for the remaining seven resistant strains included in our study. We also found moderate to strong correlations between specific community antimicrobial consumption and resistance rates with respect to 12 of 23 strains of resistant bacteria for which we could access data. In addition, we discovered significant disparities across Europe when comparing national ratios of mean resistance (incorporating 15 strains of resistant bacteria) to overall antimicrobial consumption.
Our study confirms the relationship between community antimicrobial consumption and serious resistant infections in patients in hospital. It is striking that the antibiotics were prescribed (and most likely consumed) in the community but the bacterial resistance reported was found in invasive hospital specimens from blood or CSF. Our study was unable to determine whether the infections were acquired in hospital or the All antimicrobial consumption (ATC J01 codes only). c Specific consumption refers to the consumption of the antibiotic to which the organism is resistant. *P , 0.05. **P , 0.01.
Antimicrobial resistance and consumption in Europe JAC community. Resistant strains often emerge within a hospital due to the frequent use of broad-spectrum antibiotics as well as the proximity of patients to each other and healthcare workers.
Our findings emphasize the importance of reducing antibiotic consumption in the community at national level to limit resistance in serious hospital infections. The strongest correlations were seen between total national antimicrobial consumption and MRSA, carbapenem-resistant K. pneumoniae and macrolide-resistant S. pneumoniae. Regarding correlations between specific antibiotic consumption and species resistance (i.e. a specific antibiotic and an organism resistant to that antibiotic) strongest correlations were seen for fluoroquinolone-resistant E coli, aminoglycosideresistant P. aeruginosa and E. coli resistant to third-generation cephalosporins. Many of these associations accord with earlier studies. 5, 6 We found no correlation between consumption of b-lactams and S. pneumoniae resistant to penicillins in contrast to previous studies [Goossens et Our study found striking exceptions to the previously reported international pattern of associations between low antibiotic consumption and low resistance, and high antibiotic consumption and high resistance. At the time of our analysis, those countries with high rates of antimicrobial consumption and low rates of resistance (France, Luxembourg and Belgium) were all high prescribers of b-lactam antimicrobials (a class of antibiotics that includes penicillins, amoxicillin, flucloxacillin, cephalosporins and carbapenems), the most commonly prescribed antibiotics in Europe. 10 In the early 2000s, European campaigns to reduce overall antimicrobial use [14] [15] [16] achieved substantial reductions in prescribing and were associated with subsequent reductions in antimicrobial resistance, particularly in penicillin-non-susceptible S. pneumoniae. 16, 17 These campaigns coincided with the introduction of the heptavalent pneumococcal conjugate vaccine (PCV7) into the vaccination schedule in France. 17, 18 The subsequent widespread use of PCV immunization across Europe is considered to have influenced the decrease in penicillin resistance levels by eliminating infections with common 'classic' resistant serotypes. 13, 18 This may explain why we found no correlation between b-lactams and S. pneumoniae resistant to penicillin in our 2013-14 data. Penicillin-resistant streptococci have remained low since 2010. 12 PCVs are part of the vaccination schedule for the majority of European countries but there are variations in routine systems for monitoring PCV coverage. 19 It is possible that in countries where the uptake of vaccination is poor, herd immunity is insufficient to keep population levels of resistant S. pneumoniae low. Variations in reporting practices of S. pneumoniae resistance also decrease our ability to draw meaningful conclusions about the relationship between consumption and resistance concerning S. pneumoniae and b-lactam consumption. 13 Antimicrobial prescribing 'quality' may also contribute to the between-country discrepancies observed in the relationship between resistance and consumption rates at national level. 20 Quality indicators include factors such as total amount of specific antimicrobials consumed, ratio between consumption volumes of broad-and narrow-spectrum antimicrobials, and seasonal variation of total antimicrobial use and quinolone use. [20] [21] [22] High rates of resistance despite low volumes of antimicrobial prescribing were identified in Latvia, Bulgaria and Hungary. Possible reasons for this discrepancy include high seasonal variation (Hungary) 22 Iceland not highlighted as demonstrating higher than average consumption with lower than average resistance as total care data were used. *Country demonstrates lower than average consumption but higher than average resistance. **Country demonstrates higher than average consumption but lower than average resistance.
McDonnell et al.
and high use of fluoroquinolones (Hungary and Bulgaria). 21, 22 Neither of these factors appears to apply in Latvia, which reported moderate seasonal variation in antimicrobial consumption. However, high levels of antimicrobial prescribing for upper respiratory tract infections (usually caused by viruses) and a trend towards using broader-spectrum antimicrobials such as quinolones for uncomplicated urinary tract infection have been reported from Latvia. 23 Controlling high rates of antimicrobial resistance in countries with low volumes of consumption may require greater adherence to prescribing guidelines and formularies.
The major strength of our study is its size. Using routinely collected data, we compared 29 different countries regarding I r e l a n d M a l t a S l o v a k i a I c e l a n d C r o a t i a U K S p a i n B u l g a r i a P o r t u g a l C z e c h R e p u b l i c L i t h u a n i a F i n l a n d D e n m a r k A u s t r i a N o r w a y G e r m a n y H u n g a r y S l o v e n i a L a t v i a S w e d e n * E s t o n i a N e t h e r l a n d s E. coli resistant to aminopenicillins (% isolates tested resistant to aminopenicillins) MRSA (% S. aureus isolates tested resistant to methicillin) S. pneumoniae tested resistant to macrolides (% isolates tested resistant to macrolides) Overall antibiotic consumption (DDD per 1000 inhabitants per day) 2013 F i n l a n d I c e l a n d
Overall antibiotic consumption Mean bacterial resistance rate Figure 2 . Total antimicrobial consumption and mean antimicrobial resistance for 29 European countries (ordered by ratio of resistance to consumption). Overall correlation between consumption and resistance: r " 0.54, P " 0.003 and n " 29.
Antimicrobial resistance and consumption in Europe JAC 26 different strains of resistant bacteria. We believe this to be the most comprehensive investigation so far reported in Europe. Our use of a unique mean resistance score offered a novel method for analysing broader national trends, which allowed us to highlight international discrepancies not previously reported in the literature. We also believe that using data from invasive samples (blood and CSF) to determine resistance is an important strength of our study, contributing to greater consistency of reporting. 13 National variations in the number of invasive samples included may reflect differences between countries in the frequency of use of blood cultures.
The limitations of our study were mainly related to data availability and comprehensiveness. Not all countries reported figures for community antimicrobial consumption or for each strain of resistant bacteria, for every year, although data consistency has improved greatly. 13 In conclusion, this study has highlighted the strength of association between total and specific community consumption rates of antibiotics and resistance rates in up to 20 strains of resistant bacteria across 29 European countries. The community basis of the observed antimicrobial consumption rates emphasizes the important influence of choice of antibiotic prescription in the community on the risk of resistance in serious hospital infections. The discrepancies we identified in this association imply that antimicrobial prescribing quality contributes to patterns of resistance as well as the volume of consumption. Future work on international variations in antimicrobial resistance could address the role of environmental factors, socioeconomic status and overcrowding, agricultural antimicrobial practices, as well as vaccination policies and the quality of prescribing.
Funding
This study was carried out as part of our routine work within the department.
Transparency declarations
None to declare.
